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INFRARED HALO EFFECTS AROUND SHIPS
INTRODUCTION

. Since the advent of infrared FLIR's, the Navy has made a
significant commitment to modelling the infrared signature of Navy
vessels. In addition, many infrared measurements of ships in a sea

. background have been made in order to determine the contrast between a
target (ship) and its baokground. Sinoce measurements ars expensive,
modelling is usually considered as a viable economic alternative. 1In
order to simulate the Jignature of a ship in various environmental
settings, it s necessary to model the entire scene acocurately. This
paper considers the ship-sea interface and its effect upon the signature
of the scene.

Over the last {ew years, thg Navy has been using two ship signature
codes known as SIRS and SIREOS , and a third (SSIRM) has been under
development at NRL” . The SIREOS code is essentially an embellishment
of the SIRS c¢code, but neither ocode considers the reflection of the
ship's thermal emissions off the sea surface, The faot that ship-water
reflections contribute significantly to the infrared signatugo of a ship
has been observed qualitatively in ship infrared imagery . In this
report a more quangitative approach will be applied to imagery of the
U.S.S, Ticonderoga” , confirming the conclusion that infrared 'halos'
muke a signifiocant contribution to ship IR signatures,

The purpose of this paper is thus two=fold. First, we motivate the
modelling of the ship~sea interface by examining imagery of the
Ticonderoga i1 the longwave infrared band. It s shown that the
gaometry of the scene has a measurable effect upon the radicmetry of the
signature. In the second part of this report we use a one-dimensional
model to examine the radiance of refleqtions of the ship off the water
to a given point in space, The effect of the emissivity's angular
dependence on the radlance 1is 1included, and the total radiance as a
function of view angle is computed.

?{ . DATA ANALYSIS: MOTIVATION FOR A HALO MODEL
> During the previous year, NRL's Advancud Concepts Branch hae
ol performed extensive infrared measurements of the U.S.S. Ticonderoga at

o sea, These measurements were made with an Inframetrics model 210 dual-
band sensor with a NEAT of .1 deg C and a resolutloen of 2 mr in the LWIK
band (8-12 uym). Figure 1a and 1b are examples of Ticonderoga images in
the 8-12 um band. Both of these images have heen contrast stretched to
enhance the 1image and to bring out the relevant (features for our
discussion,
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In both the upper and 1lower images, one can see an apparently
warmer region of the sea just below the ship which i3 caused by
reflected thermal radiation off the water; this 'halo' effect is most
pronounced near the bow of the ship. In both images, one sees a "V"-
shape near the bow which locates the water 1line of the ship. 1In
addition, the spatial spread of the halo extends out more than the
height of the hull due to reflections of thermal radiation from the
superstructure and exhaust stacks, The result is a ship in a brightened
bagkground, hence the term 'infrared halo’',

One can get an estimate of how much the halo contributes to the
overall radiance of the scene by enclosing the halo with a boundary and
then computing the mean temperature within that boundary. The same
boundary outline can then be <translated to a region of the sea where
neglible ship radiation s reflected to the sensor and the mean
temperature can be computed as before, For the hale pictured in Fig., 2,
the region enclosed in the red boundary was found to have a mean
blackbody temperature of 293.2+0.3 degrees Kelvin. The background
region enclosed within the green boundary has a mean temperature of
approximately 292.3+0.3 degrees. Contrasting the temperature of the
halo with its baokground ylelds a mean temperature difference of ,9+.5
degrees, which can be an order of magnitude above the sansitivity of
most present day FLIR's,

Although only one set of data has been analyzed here, we have also
observed that as the viewing angle (as measured from the normal to the
sea surface) lnoreases, the size and extent of the halo also increases.
An analysis of the spatial exteng of the halo is not oonsidered here,
but is treated in a future report” .

THEORY: ONE DIMENSIONAL MODEL OF INFRARED HALOS

We wish to peint out that an infrared halo around a ship can be
understood ir terms of a simple one dimensional model of the radiative
tranafer between the ship, sea surface and sensor, In this model, the
in-band (8-12 um) radiation leaving the sea surface in the vicinity of a
ship consists of two components: emissions from the water and emissions
from the ship that are reflected off the water (see Figure 3). As the
viewing angle, 8, increases beyond 60 degrees, the reflectance of the
sea surface ilnoreases rapldly, causing the observed temperature lncrease
of the sea, For calm sea states and near grazing observation angles we
gxpect to see a mirror image of ¢the ship's thermal signature below the

Z;f water line,
o The following assumptions were made {in modelling the infrared halo
[} of a ship:

» (1) The sea surface is smooth, that is, the wind speed is zero.

N (2) The ship can be approximated by a vertloal plate.

(3) The ship surfaces have a Lambertian gray-body emittance of 0.9.

o (4) The sensor spectral response is one for 8.0<A<12.0 um and zero

oy otherwise,
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Non-Haloed Sea Signature

Under the above assumptiona, tne radlance reaching the sensor's
aperture which appears to originate from a non-hale area of the sea, L _,
is represented by the sum of the radiance of the water, Lw' the senso?-
sea path radiance, L, and the reflected aky radiance, L _, Letting
t,(A) denote the tralamittance of the atmospheric path from the plate to
tAe sensor and €(),8) the emlttance of the sea water, we can write the
radiance fron. the non-haloed sea as

‘& 1% 1%
() = fLooan k(x)e(x.e)hw(l‘w)dx . ﬁ(x)ﬁ-s(x.e)]erx (1)

where T is the temperature of the sea, Notice t.iat no averagad
quantit!ea are used in this model, rather, the terms in Eq. (1) are
integrated over tge 8-12 band, The transmittance, t(\), is computed
using LOWTRAN 5§ , modifisd to oaloulate path radiances using a
technique suggested by Shalom™ . The emissivity of water, c¢(2r,8), is
oalculatgd from the real and imaginary parts of the index of150rraction
of water” using Fresnel's equations for absorbing media +« The
blackbedy spectral radiance of the water and ship were calculated from
Planck's law:

- ' -
Lw(Tw) 2,0 01/ A Eexp(ozle) 1] (2)
where:
¢, = 5.9547 x 10 * Watts (micron)2/sr
c, = 1.4388 x 10" mioron K

Halo Signature

The total in-band radiance reaching the sensor's aperture from
haloed portions of the sea can be written as:

~ Y 8 |
Ly = J Lp(A)dA + \£1(A)ch(x.e)bw + csp(k.e)hsldk (3)

-]
where:

£, = average LWIR emittance of ship surfaces
elA,0) = spectral directional reflectance of water

Since the viewing angles we are interested in are near grazing and
the ship surfaces producing the halo are vertical, the emission angle
for the paint is normally less than 60 degrees. Therefore, we expect
the approximation of an angle independent ship emittance to be fairly
accurate since the emittance of a typlcal paint is usually Lambertian
out to about 60 degrees.

Halo-Sea Contrast

The contrast radiance between the helo and non=halo portions of the
Sea can be written as:
W

b= Jr0pthe)egly - L 10 (1)
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We have been primarily interested in cases where the sign of AL is
positive. However, under certain circumstances the halo contrast
radiance may go negative, that 1is, the ship radiance may be less than
the sky radiance, For horizontal paths through the atmosphere, Lr is
essgntially equal to the radiance of a blackbody at the temperature of
the atmosphere. As the elevation angle increases, the emissivity
decreases rapidly in spectral regions where the atmospheric absorption
is low. As an example, at 15 degrees up from the horizontal, the sky
radiance at 10 um is already reduced to less than 30% of the1;adianoe of
a blackbody at the air temperature of the lower atmoaphere ' Depending
on the relative temperatures of the air and ship, the halc will be
either positive or negative contrast with respect to the sea background.
One situation under which the halo's contrast radiance might be negative
would ocour during or after a water washdown of the ship. If the water
temperature is much less than the air temperature and i{f evaporative
cooling effects are large enough, the ship surface temperatures may be
reduced enough to cause a negative contrast halo,

In Figure 4 we show the angular dependences of the reflectance of
water, averaged over the LWIR (8=12um) and MWIR (3-5um) bands. The in-
band LWIR average transmittance of a U.S, standard atmosphere is shown
as a funotion of viewing angle 98 for a ocgonstant altitude sensor in
Figure 5. cConvolving these two effects and expressing the halo and sea
radiances in terms of a blaokbody equivalent temperature (see Appendix
1) allows one to caloulate the apparent temperature inorease of the halo
for various sensor viewing angles., These results are shown in Figure 6,
Note the rapid increase in temperature around 60 degrees due to the
water's reflectance, and the aubsequent decreass in temperature beyond
80 degrees due to the drop in atmospheric transmittance,

Ship~Halo Contrast

One can also examine the contrast between a ship and its halo, If
we ignore raciation from the water which 1is reflected off the ship, we

can write the ship-halo contrast radiance as:
(2

AL = j}[esLs e b, T esLspw]dA (5)
If we assume that the water surface ls specular, then we ocan write
Eq. (5) as: “
AL = j:cw(e)[esba - Lw]dk (6)

The sign of AL will depend on the relative temperatures of the ship
and water, and the value of the ship's LWIR emittance, Paints typically
have emittances of .90-.95 in the LWIR band. Major factors affecting
the relevant temperatures include solar loading, air temperatures,
internal heat sources, water washdown, etc.

CONCLUSIONS

In summary, two basic results have been presented in this paper.
First, we have analyzed FLIR imagery in the B8-12um band and have
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o characterized a ship halo in a sea background. We observed from the
" image that the mean temperature lncrease of the halo was at least an
:{f- order of magnitude greater than the sensitivity of present day sensors,
T Therefcre, the nalo i3 a measureable effect and should be accounted for
in any {(maging IR ship model,

Secondly, under several simplifying assumptions, we aoreated a model
to explain the apparent temperature increase of the sea due to the ship=-
sea lnteraction. It was observed that as a result of the angular
dependence of the reflectivity of water, an infrared halo's radiance
also varies with angle, Since the reflectivity of water inoreases with
the viewing angle, the apparent temperature of the halo also ilncreases.,
However, the atmospheric transmittance decreases rapidly for large
angles and thus there i3 a maximum in the halo temperature around 70-80
degrees., Observations by a sensor near these angles of maximum contrast
can be expected to show a large haloed area of the sea,

Since we have only c¢onsidered a very simple model, there are many
additional effects which need to be investigated, First, the aspatial
extent of the halo needs to be studied as a funotion of viewing angle
and hull inolinatien angle, If one assumes a smooth sea surface, then
it is easy to calculate the bounding lines of the halo, We have
performed this calculation and our results will he presented in a future
reaport. Second, what happens to the halo and its boundary when the sea
is not smooth? Third, the halc temperature changes during ship
washdowns should be quantified and modelled, Finally, one should alse
> axamine the effect of thin films and sea foam on the halo temperature,
g and polarization effects in the reflected radiation. In concluslon, the
radlative transfer between a ship and the surrounding sea can make a
significant contributicn to the infrared uignature of a ship and ls an

P ‘-.‘\,
Yﬂ- important research area for future IR ship models,
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